The tensile properties of Sn-9Zn-xGa (x ¼ 0, 0.4, 0.6, 0.8 mass%) solders at room temperature and 120 C were first explored, and the specimens were then used to investigate the surface thin film characteristics. The results indicate that increasing the Ga content not only promoted needle-like Zn-rich phases to grow, but also caused the tensile strength and hardness to increase. In addition, the Ga was mostly solid solution in both -Sn phases and bar-like Zn-rich phases. For high temperature tensile testing, the strength of the Sn-9Zn-xGa specimens was higher than the Sn-9Zn specimen. On the surface thin film, the effect of Ga solid solution not only promoted anti oxidation, but also suppressed the growth of the oxidative thin film of the Sn-9Zn solder under reflow or aging.
Introduction
Because the Sn-Zn eutectic alloy has a low melting point (198 C), excellent mechanical properties and acceptable costs, 1, 2) it has been recognized as one of the best choices as a lead-free solder. Due to this low cost, investigation of Sn-Zn solders continues. However, a discoloring phenomenon and oxidative behavior often occurs at the solidification surface of the tin ball during reflow or aging testing. These effects are closely related to the quality of the solder, the solder joint reliability and wettability. [3] [4] [5] Relevant reports have indicated that adding Bi, In, Al and rare earth elements (RE) can improve the mechanical properties of Sn-Zn solders. 2, [6] [7] [8] However, addition of the above elements does not prevent oxidation. According to studies, 9, 10) micro-Ga (ppm grade) added to Pb-free solders not only reduced oxidation, but also enhanced the fatigue resistance. Studies of Sn-Zn 11) and SnZn-Ag-Al-Ga 12, 13) indicate that addition of Ga not only is homogenized, but also improves the tensile strength at room temperature. Notably, the Ga should not be homogenized 11) and the Ga effect in the present Sn-Zn-Ga system is different from the Sn-Zn-Ag-Al-Ga alloy. 12, 13) Also, how the addition of Ga affects the characteristics of the skin have not be attend, even its the deformation resistance of high temperature have not be investigated.
The electrical current induced the Joule's Heat to raise the temperature ($120 C) of the joints, 14, 15) the high temperature deformation behavior of the solders is worthy of research. On the other hand, the solidification surface characteristics of the reflow process are closely related to the solder reliability. This study added Ga (0$0:8 mass%) into Sn-9Zn eutectic solders to investigate the microstructural variations and the tensile properties at both room temperature and 120 C. In order to understand possible reasons for the anti oxidation, this study used different heat treatments to analyze the characteristics of the solidification surface thin film.
Experimental Procedure
Master alloy of near-eutectic Sn-9Zn-xGa alloy was prepared by melting pure tin, pure zinc and pure gallium in a high-frequency induction furnace. The alloy ingots were then remelted and cast into a Y-shaped graphite mold. The casting temperature was 280 C, following by air-cooling to room temperature. (The cooling rate was approximately 8.5
C/s). The chemical composition of the specimens is shown in Table 1 . Hereafter, the specimens will be designated according to Ga content as 0.0Ga (Sn-9Zn), 0.4Ga, 0.6 Ga and 0.8Ga. In addition, we used a load of 5 g to measure the micro-hardness. In order to collect tensile data at room temperature and 120 C, rectangular specimens (gauge length section: 20 mm Â 5 mm Â 2:1 mm) were also prepared. A schematic illustration of the specimens for the tensile test is shown in Fig. 1 . The tensile tests for all samples were conducted under a constant strain rate of 7:5 Â 10 À4 s À1 . In order to understand the difference in chemical composition of the matrices, the structures of the affected regions were also examined using an electron probe micro-analyzer (EPMA).
To compare the experimental results, the thin film data of the Sn-9Zn specimen and Sn-9Zn-0.4Ga specimen were also gathered using secondary ion mass spectrometry (SIMS). For SIMS analysis, the primary ion source was Cs þ with 5 KeV. Each analysis datum was the average of 3$4 test results. Except as-reflow specimens (reflow condition: 250 C for 60 s), both oil bath heat-treatment and air aging were performed; the conditions were 120 C for 2 hours followed by air cooling to room temperature, and the cooling rate was approximately $4:1 C/s.
Results and Discussion

Microstructural characteristics
The microstructures of the Sn-9Zn, Sn-9Zn-0.4Ga, Sn9Zn-0.6Ga and Sn-9Zn-0.8Ga solders are shown in Fig. 2 . The results show that the area fraction of the Zn-rich phases and -Sn phases increased with increasing the Ga content. Notably, Zn-rich phases also grew (from sharp to blunt) as the Ga content was increased.
In fact, Ga could not react with Sn or Zn to form intermetallic compounds (IMCs).
16) Zhang 17) showed the phase diagram of a Sn-Zn-Ga solder, but the content of Ga is larger (!2 mass%) than that of the present system, and cannot be inferred. To understand the solid solution characteristics of Ga, this work selected the Sn-9Zn-0.4Ga solder to perform EMPA, as shown in Fig. 3 . We found Ga was mostly found in Zn-rich phases and -Sn phases, while the Ga content in the eutectic Sn-Zn was lower. So, the reference 11) (Ga was only fixed in 0.5 mass%) explained Ga is homogenized in matrix not correct. In addition, oxygen existed in the matrix, and the O content of the Zn-rich phases was higher than the -Sn phase and the eutectic Sn-Zn phase. This is because O which reacted with Zn possessed lower free energy. 18, 19) In our previous study, the content of O was lower in the Sn-9Zn-xGa specimens than that of the Sn-9Zn specimen. The results suggest that the Sn-9Zn-xGa solders had better anti oxidation. Figure 4 shows the tensile mechanical properties of neareutectic Sn-9Zn-xGa alloy at room temperature and 120 C. The results reveal that the tensile strength of the specimens was higher at room temperature than at 120 C. At room temperature, both the tensile strength and the uniform elongation of the Sn-9Zn-xGa alloys increased with increasing the Ga content, while the total elongation had a tendency to decrease.
Deformation resistance
Meanwhile at 120 C, increasing the Ga content also promoted resistance to tensile deformation, however the uniform elongation had a reverse tendency. The relationship between the total elongation and the amount of Ga added was non-linear at 120 C. Notably, eutectic phases decreased as the Ga content was increased. The melting point ($198 C) of the eutectic phases was lower than the Zn-rich phases and - Sn phases. At 120 C testing, the Zn-rich phases and -Sn phases were the main deformation mechanism. This is probably one reason why both some of the bar-like Zn-rich phases and the -Sn phase with a low solid solution content affected the ductility. The micro-hardness of the Sn-9Zn-xGa matrix is shown in Fig. 5 . The results also reveal that the average value increased with raising the Ga content. Clearly, the effect of adding Ga not only promoted the strength and hardness of the specimens at room temperature and 120 C, but also affected the ductility. Figure 6 shows the tensile fractured subsurface structures of both the Sn-9Zn and Sn-9Zn-0.8Ga specimens at 120 C. Observations showed that most of the cavities were found in the -Sn phases of the Sn-9Zn-xGa specimens, while the Sn9Zn specimen had fewer. The most likely explanation for this is that the -Sn phases and Zn-rich phases increased with increasing the Ga content. Zn-rich phase is a massive hard phase and it cannot fracture easily. So, the -Sn phase was the main deformation mechanism and caused variations in elongation. Notably, both the solid solution effect of the Ga and some of the Zn-rich phase growth also raised the deformation resistance. In order to understand the element dispersal characteristics of the surface thin film on the Sn9Zn-xGa solders for the reliability application, depth profiles of Sn, Zn, Ga and O were made using SIMS.
Thin film analysis
To measure the thickness of the oxidative thin film, SIMS analysis was performed on the Sn-9Zn specimen and the Sn9Zn-0.4Ga specimen. Figure 7 shows the depth profiles of the Sn-9Zn specimen on the surface solidification thin film. In Fig. 7 , the 16 O À curve and the 120 Sn À curve intersect at 2620 nm AE 65 nm of depth, so we have used a dotted line to represent the thickness of the oxidative thin film. Notably, addition of Ga into the Sn-9Zn specimen could decrease the thickness of the oxidative thin film (Fig. 8 , the oxide film = 1210 nm AE 50 nm). To understand the characteristics of the oxidative thin film on the Sn-9Zn-Ga solder under reliability testing, the 0.4Ga solder underwent two processes: an oil bath heat treatment (pure thermal effect) and an atmospheric heat treatment (obvious oxidation). These two conditions were held at 120 C for 2 h, followed by aircooling to room temperature.
SIMS analysis of the oil bath specimen and the air specimen are shown in Fig. 9 and Fig. 10 . Comparing  Fig. 8 and Fig. 9 , the pure thermal effect decreased the thickness of the oxidative thin film. Based on an identical definition of Fig. 7 , the thickness of all oxidative thin films is shown in Table 2 , and the depth of the as-reflow Sn-9Zn specimen was larger. For the 0.4Ga specimen, the thickness of oxidative thin film had changed by varying the post heat treatment. A schematic illustration of the oxidative thin film is shown in Fig. 11 . We found that the oil bath process (pure thermal effect) could reduce the thickness of the oxidative layer.
According to Gibbs free energy 18) and relevant references, 14, 15, 19, 20) most of the O atoms and Sn atoms reacted to form the oxidative film of SnO x on the surface during the solidification process of reflow and the structure of the thin film was mostly SnO x . Under the pure thermal effect, the Znrich phases attracted the surplus O atoms to diffuse from the surface (skin) to subsurface. In addition, reference 21) indicated the characteristics of Zn-Sn-O thin films by RF sputtering. Evidence revealed that the SnO 2 phase showed better stability against high-temperature oxidation than the Zn-rich phase in a vacuum annealing. Besides, our previous study 20) also revealed that the Zn-rich phase is composed of hypereutectic phase (un-stable). Particularly, this hypereutectic phase possessed a higher compositional gradient than the near-surface region. For this reason, the Zn-O atoms diffused from the surface (skin) to the subsurface (low concentration) under oxygen insulation conditions.
Zn-rich
Sn-Zn eutectic
Under as reflow, the 64 Zn À curve and the 69 Ga À curve had an intersection (Fig. 12(a) ), even when the oil bath heat treatment was performed, 64 Zn À need 16 O À of subsurface to combine. After atmospheric aging, the plentiful 16 O À causes the 64 Zn À curve to shift (Fig. 12(b) ), resulting in the thickness of the oxidative thin film increasing. Notably, the thin film thickness of the atmospheric aging specimen (Sn-9Zn-0.4Ga) increased (Fig. 11) , even when the aging duration was prolonged to 24 h, and no discoloring was found in the solidification surface. It is safe to say that the Ga can restrain the discoloring and the oxidative thin film growth in Sn-Zn solders.
Comparing Fig. 7 and Fig. 10 , the thin film thickness of the 0.4 Ga specimen (air aging 2 h) was 2500 nm AE 50 nm which was thinner than that of the as-reflow Sn-9Zn specimen (Fig. 11) . So, it can be seen that adding Ga into the Sn-Zn solders improved the oxidative resistance. Owing to the high temperature mechanical property (Fig. 4) being closely related to the solder thermoelectric characteristics 15) and the solder joint reliability, $0:4 mass% Ga may be a good candidate for the Sn-9Zn solder.
Conclusion
(1) For the Sn-9Zn-xGa solders, the Zn-rich phases and -Sn phases increased with increasing the Ga content. In addition, the Ga was solid solution found mostly in the -Sn phases and the bar-like Zn-rich phases. Table 2 The thickness of the oxidative thin film (nm).
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Adding Ga into the Sn-9Zn matrix not only decreased the thickness of the oxidative thin film, but also improved the high temperature air oxidative resistance.
